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SUMMARY 
Crystalline (1 11) and amorphous silicon surfaces have been studied by scanning tunnelling 

microscopy. An orientated, reproducible, corrugated structure has been observed on Si( 11 1) 
surfaces. The voltage dependence of the corrugation amplitude may be attributable to surface 
states. The surfaces of amorphous silicon thin films show some reproducible structure in the 
range of a few tens of hgstriims, observable only when the applied voltage between the tip and 
sample is between - 1.3 and +0*4V. 

INTRODUCTION 
We have used a scanning tunnelling microscope operating in air at ambient pressure to 

study the surfaces of crystalline Si( 11 1) wafers and of amorphous silicon thin films. 
In silicon technology, wafers are often treated and transported in air, where they may be 

contaminated. The behaviour of these films and surfaces is therefore of considerable tech- 
nological interest. Hydrogenated amorphous silicon (a-Si:H) is of interest for many applica- 
tions, such as solar cells, xerography and electronic devices. It is important to understand the 
surface properties of th is  material as well. 

Most previous STM studies of silicon surfaces have been performed in high vacuum (Binnig 
etal., 1983; Feenstraetal., 1986,1987; Hamersetal., 1987). Theonly previousinvestigation of 
crystalline silicon in air was that of Besocke et al. (1988) who observed steps and terraces on 
(100) surfaces. They also reported dynamic changes of this structure, which they attributed to 
the formation of water films on the surface. Hydrogen terminated silicon surfaces have recently 
been studied by Kaiser et al. (1988) who performed both STM and X P S  measurements in high 
vacuum. They concluded that such surfaces have nearly ideal electronic properties, with low 
surface state density and an unpinned Fermi level. The only previous study of a-Si: H was that 
of Wiesendanger et 01. (1988). Their experimental results with phosphorous doped, a-Si: H(P), 
films showed chemical inhomogeneities on a subnanometre scale. They reported that these 
inhomogeneities were due to the presence of hydrogen. 

EXPERIMENTAL 
The observation of silicon surfaces in air is quite complicated, as observations and images 

m?y be influenced by many parameters, such as sample preparation technique, cleaning 
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procedure, oxygen removal, contamination, electrical effects and the elapsed time between 
preparation and experiment. In our experiment we have used wafers of intrinsic Si( 1 1 l), rinsed 
in HF to remove the oxide layer. Studies of the kinetics of room temperature air oxidation of 
hydrogenated amorphous and crystalline silicon (Lu et al., in press) show that 24h after H F  
treatment, crystalline silicon has about 10% of oxide distributed over a depth of 85 A and that 
amorphous silicon has about 20%. We believe that this oxide occurs in patches, so that large 
areas of essentially unoxidized surface are still exposed. After cleaning, a gold film of 100-200 A 
was evaporated through a mask, leaving small spots of silicon uncovered by gold. The metallic 
layer was evaporated to improve the electrical contact between the sample and its holder. 

STM observations were performed with a Tunneling Microscope Corporation instrument. 
They began about 1 h after deposition of the Au film, but there is no significant difference in 
results even for measurements after 20-40 h. Intrinsic a-Si: H layers were prepared on the same 
crystal wafer by glow discharge. Deposition conditions were chosen so as to produce samples 
with high photoconductivity (the ratio of conductivity under illumination to dark conductivity 
was about 5 x lo5). The infrared spectrum of such sample shows Si-H bonds, and no SiH2 or 
SiH,. Further preparation of these samples for STM observations was the same as for the 
crystalline wafers. 

RESULTS AND DISCUSSION 
As mentioned above, the STM images depend on many different parameters and may 

therefore vary from sample to sample. However for most of the samples (seven different 
samples were investigated) the images were quite reproducible, permitting us to obtain consis- 
tent information about the surface. Usually, the first scan images showed quite noisy surface 
structure, which smoothed out after several sweeps in various directions. A number of samples 
showed a periodic, chain-like, structure, such as that illustrated in Fig. 1. This structure 
resembles that observed by Feenstra et al. (1986), also on Si(lll), but under ultra-high 
vacuum. However, the spacing between chains is considerably wider (tens of A) than they 
observed. The height of chains in Fig. 1 is about 5 A. 

The voltage necessary to maintain the tip at a distance from the surface such that the current 
remains constant is called the ‘2’ voltage. The dependence of this on the voltage applied 
between tip and sample is shown in Fig. 2. Stable images were observed only when this 
characteristic shown in Fig. 2 reached a plateau for both polarizations. Thus, there is a gap of 
about 0.5 V for which no structure is observed. This value is close to the well-known value of 
the 0.45 eV band gap for the Si( 11 1) 2 X  1 surface states, as reported by Feenstra et al. (1986). 
They found that the amplitude and sign of the corrugation changed with voltage in this energy 

Fig. 1. Image of crystalline Si(ll1) surface: x=300A,y=20A, applied voltage Vb=+1.5V, I=0.7nA. 
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Fig. 2. s-voltage dependence on applied voltage V ,  or Si( 11 1). 

region and proposed that this showed the importance of states within the surface gap in the 
tunnelling process. 

If these surface states are present in air, the vertical corrugation should change with the 
voltage between tip and sample. This dependence is clear from Fig. 3, where we show the image 

Fig. 3. Images of the corrugation amplitude for Si(ll1) at various applied voltages, V,: x=730A, y=30A, 
I- lnA.  (a) + l V , ( b )  - lV , (c )  +0.7V,(d) -0.7V. 



484 A.  M. Okonieooski and A .  Y e h  

Fig. 4. Images ofthe amorphous silicon surface: x=12001(,y=1001(, vb=-1 V ,  I=0.9nA. 

of a section, 730x30& of the surface at different tip-sample voltages with constant (1 nA) 
tunnelling current. There is a s igdkant  difference between the images at the same absolute 
value of applied voltage, but different polarization with many features reversed. In addition, 
the corrugation amplitude increases with absolute value of the applied voltage. This indicates 

Fig. 5. Images of the amorphous silicon surfaces: (a) x=1801(,y=201(, vb=- lv ,  I=0.8nA. (b) Different 
region from that of (a) x=1701(,y=501(, vb=-0.6V, I=0-8nA. (c) The same as (b) after 1 min. 
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the presence of surface states in our samples. Such states may arise from charge transfer 
between dangling bonds, or from contamination. For samples such as ours, which have been 
exposed to air, the latter explanation is more likely. Besocke et al. (1988) obtained similar 
results on Si( 100) in air. Their vertical corrugation amplitude was 5 A, as we observe. However, 
they found changes in position of terraces in a time scale of a few tens of seconds. Our samples 
are stable over considerably longer times. While the differences between the two results may be 
due to the difference between (100) and (1 11) surfaces, this is not clear and further study is 
necessary to clarify this point. Besocke et al. (1988) attributed both the surface states and the 
mobile 5A steps to water films formed on the surface. Clearly, water is present in our 
measurements as well, but does not appear to have the same effect. 

As discussed above, we deposited intrinsic a-Si: H films on the (1 11) surfaces and observed 
them in the STM. The principal features of the images we obtain are similar to those for the 
Si( 11 1) substrates, as shown in Fi s. 4 and 5. 

the same region on a smaller scale. This figure shows a small scale structure with region widths 
of a few tens of Angstroms. Comparing Fig. 5(b) and (c), we may see that the image is stable and 
that the thermal drift is small. While the images of the crystalline and amorphous surfaces are 
generally similar, the voltage dependence of the corrugation amplitude is remarkably different. 
Stable images are obtained only for tip-surface voltages between -1.3 and +0*4V. The 
difference corresponds to the 1 *7 eV bulk gap of a-Si: H. 

When the tip-sample voltage is beyond this range, the z-piezoelectric element is forced to 
expand fully until tip and sample are in contact. This is in contradiction with the results of 
Wiesendanger et al. (1988), who obtained the stable tunnelling current only above 2 V. 

The reasons for this contradiction are not clear. It may be due to the fact that our 
measurements were performed in air and theirs under vacuum. It would be surprising if it were 
due to a difference between the behaviour of intrinsic a-Si: H and that of n-doped material. This 

In Fig. 4 we show a 1200X 100 R section, with many high steps and terraces. In Fig. 5 we see 

question requires further study. 

Fig. 6. Images of the corrugation amplitude on a-Si:H at various applied voltages, V,: x= 180 A, I=O.8 nA. (a) 
-0’6V, (b) -l.OV, (c) -1’12V, (d) -1.3V. 
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Figure 6 shows the voltage dependence of the vertical corrugation amplitude, which 
decreases with increasing negative polarization. In positive polarization there is not a significant 
change between 0 and +0-4V. The corrugation scans for +0*3 and -0.3 V are essentially the 
same, both in shape and amplitude. 

The fact that the sign of corrugation does not change with the sign of the bias, suggests that 
we are not sensitive to surface states in this case. This is compatible with the conclusion of 
Kaiser et al. (1988) that the hydrogen terminated silicon surface has a very low surface state 
density. 

They were able to observe Schottky barrier behaviour in tunnelling. This is not the case 
here, as we observe a cut-off for both polarizations, not only in reverse bias. 

Binnig et al. (1986) have observed the decay of corrugation amplitude with applied voltage 
for graphite, similar to what we see here. They associated this energy dependence of corruga- 
tion with the local density of states. 

As indicated above, the energy range in which we observe this effect suggests that it is 
associated with the bulk gap. This fact, or the fact that the density of states in the bulk gap of 
a-Si:H is continuous, might explain the fact that the variation is opposite to that for crystalline 
material. This question also requires further investigation. 

Thus, we see that interesting information can be obtained from the STM study of both 
crystalline and amorphous silicon in air. However, many of our results require further 
investigation before an unambiguous explanation can be presented. 

ACKNOWLEDGMENTS 
This work has been supported by the Natural Sciences and Engineering Research Council 

of Canada and by the Fonds FCAR of Quebec. 

REFERENCES 
Besocke, K.H., Teske, M. & Frohn, J. (1988) Investigation of silicon in air with a fast Scanning tunneling 

microscope: 3. Vac. Sci. Technol. A ,  6,408-41 1. 
Binnig, G., Fuchs, H., Gerber, Ch., Rohrer, H., Stoll, E. & Tosatti, E. (1986) Energy-dependent state density 

corrugation of a graphite surface as seen by scanning tunneling microscopy. Europhy. Len. 1,3-36. 
Binnin. G.. Rohrer, H., Gerber, Ch. & Weibel, E. (1983) 7x7 reconstruction on Si(1lll resolved in real mace. . .  . . ,  

ijjtys.'~m. Lett. So, 120-123. 
Feenstra, R.M. & Stroscio, J.A. (1987) Reconstruction of steps on the Si(l11) 2x 1 surface. Phys. Rm. Len. 59, 

2173-2176. 
Feenstra, R.M., Thompson, W.A. & Fein, A.P. (1986) Real space observation ofn-bonded chains and surface 

disorder on Si( 11 1) 2 x 1. Phys. Rev. Lea. 56,608-61 1. 
Hamers, R.J., Tromp, R.M. & Demuth, J.E. (1987) Electronic and geometric structure of Si(lll)-(7X7) and 

Si(OO1) surfaces. Surf Sci. 181,346-355. 
Kaiser, W.J.,Bell, L.D.,Hecht,M.H. &Grunthaner, F.J. (1988)Scanningtunnelingmicroscopycharacteriza- 

tion of the geometric and electronic structure of hydrogen-terminated silicon surfaces.3. Vac. Sci. Technol. 
A, 6.519-523. 

Lu, Z.H., Sacher, E. & Yelon, A. (1988) Kinetics of the room temperature air oxidation of hydrogenated 
amorphous and crystalline silicon. Phil. Mag. B, 58,385-388. 

Wiesendanger, R., Rosenthaler, L. , Hidber, H.R., Giintherodt, H. J., McKinnon, A.W. & Spear, W.E. (1988) 
Hydrogenated amorphous silicon studied by scanning tunneling microscopy. 3. Appl. Phys. 63, 4515- 
45 17. 


